Introduction
Worldwide, trauma is the leading cause of death and disability in individuals younger than 44 years old.
1 Hemorrhage accounts for 30 to 45% of all trauma deaths and is the second most common cause for early death, with only central nervous system injuries being more frequent. 2, 3 The ability of injured individuals to form a solid platelet and fibrin clot at the site of injury is vital for the prevention of exsanguination and for subsequent survival. The transmembrane glycoprotein tissue factor (TF) is an initiator of blood coagulation process leading to thrombin generation and consequential clot formation. 4 In healthy individuals, levels of detectable TF, if present, do not exceed 20 fM 5 ; however, upon vascular injury occurring during mechanical trauma, subendothelial TF is exposed to blood flow. 6 Traumatic injury also induces activation of inflammation, leading to the release of cytokines, which stimulate TF expression/exposure by monocytic cells and an increase in circulating TFbearing microparticles.
Indeed, we observed in a previous study that the majority of trauma patients have both TF and FXIa present in plasma. 15 Similar results related to FXIa and TF activity were also obtained for patients with inflammatory bowel disease 16 and various cardiovascular diseases, [17] [18] [19] especially those with acute coronary syndrome, which have active FXIa in their plasma for which the concentrations correlates with markers of inflammation and thrombin generation. 17 A significant fraction of those patients also had detectable TF activity, which, most likely, could be assigned to TF presented on microparticles. It was established in such studies that these two proteins, TF and FXIa, are the only proteins present in patient plasma capable of initiating clot formation.
Results from previous studies along with the exposure of TF to blood flow in trauma patients, as well as the inflammatory response to injury, suggest that both FXIa and active TF could be present in plasma from trauma patients and may correlate with injury severity. In the current study, our objective was to examine FXIa and active TF from groups of patients with blunt, penetrating, and thermal injuries with the hypothesis that, in response to injury, patients with greater injury will have greater FXIa and active TF in their blood.
Methods

Study Design
This study was reviewed and approved by the Institutional Review Board (IRB H-03-014) at the Brooke Army Medical Center (BAMC). All severely burned and injured trauma patients with or without inhalation injury admitted to the intensive care unit (ICU) were considered for enrollment. Because the study was considered to be less than minimal risk by IRB, no consents were required. Inclusion criteria were: patients !18 years of age admitted within 24 hours from injury and an anticipated stay of 72 hours or greater at the U.S. Army Institute of Surgical Research (USAISR) Burn Center or Trauma ICU at BAMC. Patients and their families were given an information sheet concerning this less than minimal risk study prior to their enrollment. The following patients were excluded from the study: injury greater than 24 hours, prisoners, patients admitted to the wards, showing clinical signs of active hemorrhage, died within 72 hours after injury, patients undergoing therapeutic anticoagulation including Coumadin or antiplatelet agents, and those with known underlying coagulopathy. In addition, eight healthy volunteers were recruited and used as normal controls.
Blood Sample Collection and Citrate Plasma Preparation
Baseline blood samples were collected into citrate tubes (9:1, 3.2% citrate) within 24 hours of admission (define as "Day 0"), followed by blood draws at 1, 2, 3, 5, and 7 days after admission. All samples were taken from an arterial or venous line inserted for standard clinical care. At the time of sample collection, no heparin was used in either arterial or venous lines due to the risk of heparin-induced thrombocytopenia. All the processing of blood samples was performed by trained research coordinators, at the clinical research laboratory of USAISR, which is located in the same facility as the Brooke Army Medical Center. Citrate blood-containing tubes were centrifuged immediately at 3,000 g for 15 minutes at room temperature and citrate plasma was frozen and stored at À70°C until assayed.
Plasma Clotting Assays
These assays were done as previously described. 17 Citrate plasma was thawed at 37°C in the presence of corn trypsin inhibitor (prepared as previously described 20 ; prevents contact pathway initiation of coagulation). CaCl 2 was added to a final 15 mmol/L concentration and the plasma incubated for 1 minute; clotting was initiated by the addition of 2 μmol/L phospholipid vesicles (PCPS) composed of 25% dioleoyl-snglycero-3-phospho-L-serine and 75% of 1,2-dioleoyl-sn-glycero-3-phosphocholine (both from Avanti Polar Lipids, Inc; Alabaster, Alabama, United States) and prepared as described previously. 21 In parallel, inhibitory monoclonal anti-FXI (αFXI-2) or anti-TF (αTF-5) antibodies (both produced in house) at a final 0.1 mg/mL concentration were individually added to the same plasma prior to the CaCl 2 addition. αFXI-2 is specific for FXI/XIa and inhibits FIX activation by FXIa. plasma analyzed for TF and FXI activities. They were chosen based on mechanism of injury, divided into three groups based on the type of injury (thermal, blunt, or penetrating). Groups were comprised of 34 thermal patients (9 with inhalation injury), 47 blunt injury patients, and 17 penetrating injury patients (►Table 1). Overall, 44 patients (52%) had an Injury Severity Score (ISS) greater than 25. The median age of patients was 44.5 years and 80 of 98 patients (82%) were male. The median hospital stay for the entire study population was 19.5 days and a median of 11 days were spent in the ICU. Thirty-five blunt injury patients (79%), 7 penetrating injury (41%) patients, and 2 thermal injury patients (6%) had injuries to the head. All 98 patients were screened for hemorrhage at the time of blood draws; none were actively bleeding. For the majority of patient samples, prothrombin time (PT), activated partial thromboplastin time (aPTT), and fibrinogen levels were evaluated. Blunt patient samples (n ¼ 212) had an average PT value of 10.7 seconds (range, 9. 
Tissue Factor Activity
Overall, 468 samples from 98 patients were processed for TF activity (►Table 2), with 30% of baseline samples and 16.3% of samples overall (53% of patients) containing active TF. Eight healthy controls were also analyzed with none having detectable TF activity. The mean TF concentration from the 98 baseline samples was 0.32 AE 0.52 pM, whereas across all samples the mean TF concentration was 0.18 AE 0.42 pM.
Blunt injury patient samples comprised 48% of baseline samples and 47% of the total number of samples analyzed. From the blunt injury baseline samples, 26% had active TF resulting in a mean of 0.26 AE 0.44 pM (►Fig. 1). TF frequency decreased with time, and for all blunt patient samples, the frequency of active TF dropped to 17% (51% of blunt patients) resulting in a mean concentration of 0.18 AE 0.41 pM.
The smallest number of patients and corresponding samples was in the group of penetrating injury patients, which made up 17% of total baseline samples and 14% of samples overall. At baseline, 29% of penetrating injury samples had active TF resulting in a mean of 0.43 AE 0.27 pM. Similar to blunt injury patients, the frequency of TF in penetrating injury samples decreased with time from 29% in baseline samples to 21% overall (59% of penetrating patients) resulting in a mean of 0.27 AE 0.57 pM.
Thermal injury samples comprised a similar number of baseline and overall samples as blunt injury samples (35 and 40%, respectively). Thirty-five percent of baseline samples taken from thermal injury patients had active TF resulting in a mean concentration of 0.35 AE 0.49 pM, while, similarly to the other two groups, only 15% of samples overall (53% of thermal patients) had active TF resulting in a mean 
presenting with inhalation injury, five patients had TF present at baseline resulting in a mean concentration of 0.56 AE 0.53 pM, while overall the mean concentration was 0.2 AE 0.44 pM.
When the frequency of TF at baseline was compared across blunt, penetrating, and thermal injury trauma groups (26, 29 , and 35%, respectively), a p-value of 0.64 was obtained, indicating no statistical significance. Statistical analysis was not performed for the frequency of TF across all samples as patients had varying numbers of observations, nor was it performed for TF concentrations given that the majority of samples with TF present were equal to 1 pM and it could not have been treated as a continuous variable.
Factor XIa Activity
Of the 98 baseline samples taken upon Day 0, 46% had detectable FXIa with a mean concentration of 19.6 AE 32.2 pM, whereas only 23% of the total 468 samples collected had detectable levels of FXIa (62% of all patients) with a mean concentration of 9.0 AE 22.5 pM (►Table 3). None of the eight healthy controls analyzed had detectable FXIa activity.
For blunt injury patient baseline samples, 53% had detectable FXIa resulting in a mean concentration of 20.3 AE 27.3 pM. Similar to TF, the frequency of FXIa decreased with time, and for all samples analyzed from blunt trauma patients, 219 of total 468 samples (29%) had detectable FXIa (66% of blunt patients) resulting in a mean concentration of 10.3 AE 23.0 pM.
The smallest patient group was those who had penetrating injuries; 24% of ICU Day 0 samples contained detectable FXIa resulting in a mean of 19.2 AE 48.1 pM, whereas of all penetrating trauma samples (63 of total 468 samples) 19% had detectable levels of FXIa (47% of penetrating patients), resulting in a mean of 10.6 AE 30.9 pM For patients with thermal trauma, 47% of Day 0 samples contained detectable FXIa, resulting in a mean of 18.8 AE 29.9 pM. For all thermal trauma samples (186 of total 468 samples), 20% had detectable FXIa (65% of thermal patients) resulting in a mean of 6.8 AE 18.1 pM. Of the nine thermal patients presenting with inhalation injury, six patients had active FXIa present at baseline, resulting in a mean concentration of 29.7 AE 28.0 pM, while overall the mean concentration was 11.4 AE 21.6 pM.
When the frequency of FXIa at baseline was compared across blunt, penetrating, and thermal injury trauma groups (53, 24, and 47%, respectively), a p-value of 0.11 was obtained, indicating no statistical significance. Similarly, when the 90th percentile of FXIa concentrations at baseline was compared across blunt, penetrating, and thermal injury trauma groups (60, 130, and 55 pM, respectively), a p-value of 0.21 was obtained, indicating no statistical significance. Statistical analysis was not performed for the frequency of FXIa across all samples as patients had varying numbers of observations, nor was it performed for all FXIa concentrations given that so many samples had a value of 0 pM. 
TF and FXIa versus ISS
Each group of trauma patients, blunt (n ¼ 47), penetrating (n ¼ 17), and thermal (n ¼ 34), was split into two subgroups based on those with ISS > 25 and those with ISS 25. For these subgroups, only baseline samples were analyzed for the frequencies of TF and FXIa and mean values (►Fig. 2). The most pronounced difference in the frequency of TF in subgroups ISS 25 and ISS > 25 was observed for blunt trauma patients, with a twofold higher prevalence in the ISS > 25 subgroup (15.8 and 32.1%, respectively). Similarly, a 1.8-fold higher prevalence of FXIa was observed for the blunt patient subgroup ISS > 25 (36.8 vs. 64.3%), with frequencies higher than those observed for TF. In regard to TF concentrations, the same pattern was observed with a twofold higher concentration in the ISS > 25 blunt patient subgroup (0.16 AE 0.4 vs. 0.32 AE 0.5 pM). Additionally, the same pattern was observed for FXIa in which concentrations were 1.8-fold higher in the blunt patient subgroup ISS > 25 (13.5 AE 22.8 vs. 24.9 AE 29.5 pM) (►Fig. 3).
In contrast to blunt patients, the least pronounced difference in TF frequency in subgroups ISS 25 and ISS > 25 was observed for penetrating patients (27.3 and 33.0%, respectively). FXIa frequency in penetrating patients was at a lower frequency than that in blunt patients, although the 1.8-fold difference in subgroups ISS 25 and ISS > 25 remained consistent (18.2 and 33.0%, respectively). For TF concentrations in the penetrating patient subgroups ISS 25 and ISS > 25, there was only a 1.3-fold increase as opposed to the twofold increase observed for blunt patients, although slightly higher mean values were obtained (0.4 AE 0.7 and 0.5 AE 0.8 pM, respectively). A slightly lower increase (1.6-fold) was also observed for FXIa concentrations in ISS 25 and ISS > 25 subgroups of penetrating patients versus blunt patients, although with similar concentrations (15.7 AE 48 and 25.5 AE 52 pM, respectively).
Thermal patients had the highest frequencies of both TF and FXIa in either subgroup. For TF in subgroups ISS 25 and ISS > 25, there was a 1.7-fold increase in frequencies (29.2 and 50%, respectively) and also a 1.7-fold increase in mean values (0.29 AE 0.5 and 0.5 AE 0.5 pM, respectively). For FXIa in subgroups ISS 25 and ISS > 25, a 1.9-fold increase in frequencies was observed (37.5 and 70%, respectively) 
Procoagulant Activity in Trauma Patients
Prior et al. e14 along with a 1.5-fold increase in mean values (16.6 AE 31.5 and 24.1 AE 26.5 pM, respectively).
Discussion
This study evaluates the prevalence and levels of TF and FXIa within 24 hours of injury and during the course of the hospital stay for groups of blunt, penetrating, and thermal injury trauma patients. Although thermal injury patients had the highest Day 0 frequency of TF, penetrating injury patients maintained the highest overall frequency along with the highest TF levels in both Day 0 samples and in all samples analyzed.
When all three trauma groups were subdivided into ISS and ISS > 25, there was a twofold higher TF frequency and concentration in the higher ISS subgroup for both blunt and thermal trauma patients. In contrast, frequency and concentration were only 1.2-and 1.3-fold higher, respectively, in the penetrating trauma subgroup of ISS > 25 as compared with ISS 25. It is perhaps expected that this group of penetrating injury patients would have less of a correlation between TF and ISS due to sample size, as they comprised the smallest of all groups (n ¼ 17) with less than half having ISS > 25, and the fact that they had the lowest mean ISS score of all. The lack of a distinguishable and significant pattern of TF prevalence and/or concentration over time is consistent with a previous study 24 and would require a larger sample size and mean hospital stay to be conclusive.
In this study, we observed that the highest frequency of FXIa in both initial (within 24 hours) samples and also during the entire hospital stay was in the group of blunt injury patients, whereas the lowest frequencies in both sample sets were observed in penetrating patients. In terms of mean FXIa levels, however, there was no pronounced difference in all three groups. The elevated frequency of FXIa in blunt patients compared with thermal and, even more pronounced, to penetrating patients may be explained by injury mechanism and the subsequent elevation of apoptosis. The most common causes of blunt trauma injuries are due to motor vehicle collisions, falls, industrial/recreational accidents, etc., in which a large number of patients suffer from traumatic brain injury and/or pulmonary injury-both of which are shown to lead to increased apoptosis and the subsequent release of histones and polyphosphates into the extracellular space. 25, 26 As discussed earlier, FXIa can be generated by FXIIa upon exposure to organic polyphosphates 10,11 and also histones, which enhance polyphosphate-driven thrombin generation, 27 released from dying cells. This hypothesis is supported by the observation that in this study, blunt injury patients had the highest rate of head injuries as compared with penetrating and thermal injury patients. Although thermal injury patients had the lowest rate of head injuries, it should be noted that burns themselves are known to lead to increased apoptotic cell death, 28, 29 which may explain why the frequency of FXIa is more similar in blunt and thermal patients versus penetrating patients. Range ( Procoagulant Activity in Trauma Patients Prior et al. e15
When each group of trauma patients was divided into the subgroups ISS > and ISS 25, there was a similar higher prevalence of FXIa in high ISS subgroups across all three injury groups. That is in contrast to that observed for TF, in which penetrating patients responded less to severe versus nonsevere injury compared with blunt and thermal patients. Similar to frequency, each group had higher levels of FXIa for subgroups of ISS > 25 although no pronounced difference was observed in the increase across blunt, penetrating, and thermal patient subgroups.
There are several limitations in this study. (1) Analysis was focused on TF and FXIa and we did not simultaneously assess other potential biomarkers that could provide further insight to trauma-induced coagulopathy (TIC). However, we have already published our observations of derangements in whole blood (thromboelastography [TEG] ) and plasma (PT, PTT, antithrombin III [ATIII], protein C activity). 30 We found that, although standard coagulation markers are the same after injury, TEG, activated protein C, and ATIII were consistent with a hypercoagulable profile. The purpose of this paper is to focus on TF and FXIa activities, to see if their occurrence correlates with trauma severity. (2) Due to overall small number of patients, we did not distinguish burn patients into two separate categories (those with or without inhalation injury). (3) ISS is not entirely reflective of injury severity in thermal patients; however, the goal of this paper was to compare levels of TF and FXIa in three different groups of trauma patients separated by severe versus nonsevere injury, which was defined by the same criteria across all groups (ISS). For the definition of severe injury, ISS > 25 was Procoagulant Activity in Trauma Patients Prior et al. e16
chosen as it was the threshold in the previously published study using thrombin generation.
30 (4) Blood samples were obtained from either arterial or venous line, and this could have biased the results. However, the standard clinical procedural guideline was followed in the management of lines and collection of blood samples from these lines. This entailed wasting 10 mL of blood from the line, ensuring that the sample was free of the various diluents from either line. Also, it was not practical to perform percutaneous blood draws when existing lines were available. The IRB has specifically requested that we minimize blood draws. (5) The patients whose samples were analyzed were not consecutive admissions but nonrandomly chosen based on their mechanism of injury. (6) Our major goal was to assess the role of two novel biomarkers in relation to injury severity.
Future studies to characterize the profiles FXIa and active TF over time, taking into account shock, hypotension, and transfusions, would enhance our understanding of their role in the TIC after injury. To assess whether these novel assays could find practical applications as diagnostic indicators or be predictive of TIC, we wanted to establish that their values varied in response to injury severity. Verification of the presence of such variability is essential before a larger and more costly study is embarked.
In conclusion, this study demonstrates that FXIa and active TF are quantifiable in the plasma derived from blunt, penetrating, and thermal injury trauma patients; their concentrations relate to injury severity. FXIa and active TF could therefore serve as potential new biomarkers of trauma severity and detection of these proteins may ultimately assist This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
in the improved treatment for trauma patients. Future studies to characterize the profiles FXIa and active TF over time, taking into account shock, hypotension, and transfusions, would enhance our understanding of their role in TIC after injury and may lead to improved assays that are more applicable for use in the clinical setting. In short, it remains to be determined if the characterization of these biomarkers could find practical applications.
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